In the inner ear, fast excitatory synaptic transmission is mediated by ionotropic glutamate receptors, including AMPA, kainate, and NMDA receptors. The recently identified ␦1 and ␦2 glutamate receptors share low homology with the other three types, and no clear response or ligand binding has been obtained from cells transfected with ␦ alone or in combination with other ionotropic receptors. Studies of mice lacking expression of ␦2 show that this subunit plays a crucial role in plasticity of cerebellar glutamatergic synapses. In addition, these mice show a deficit in vestibular compensation. These findings and the nature of glutamatergic synapses between vestibulocochlear hair cells and primary afferent dendrites suggest that ␦ receptors may be functionally important in the inner ear and prompted us to investigate the expression of ␦ receptors in the cochlea and peripheral vestibular system. Reverse transcription and DNA amplification by PCR combined with immunocytochemistry and in situ hybridization were used. Our results show that the expression of ␦1 in the organ of Corti is intense and restricted to the inner hair cells, whereas ␦1 is expressed in all spiral ganglion neurons as well as in their satellite glial cells. In the vestibular end organ, ␦1 was highly expressed in both hair cell types and also was expressed in the vestibular ganglion neurons. The prominent expression of ␦1 in inner hair cells and in type I and type II vestibular hair cells suggests a functional role in hair cell neurotransmission.
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Auditory and vestibular stimuli are detected by hair cells in the inner ear and are transmitted to the brain by way of the auditory and vestibular nerves. Of the two types of hair cells found in the organ of Corti, inner hair cells (IHC s) and outer hair cells (OHC s), IHC s are the primary transducers of sensory information. IHC s form chemical synapses with dendrites of type I spiral ganglion neurons (SGNs) that constitute 90 -95% of the SGNs. OHC s synapse on the remaining type II SGNs (Spoendlin, 1972; Berglund and Ryugo, 1987) . The vestibular epithelium contains two types of sensory hair cells. T ype I cells (V HCI) are flaskshaped and surrounded by an afferent nerve caly x, whereas type II (V HCII) are cylindrical and connected to small afferent endings (Wersäll and Bagger-Sjöbäck, 1974) . Accumulating evidence suggests that fast excitatory synaptic transmission in the cochlea is mediated by an excitatory amino acid. The strongest evidence supporting this hypothesis is the expression of f unctional glutamate receptors by SGNs and their localization postsynaptic of the hair cell synapse (Bledsoe et al., 1981; Puel et al., 1991a,b; Ryan et al., 1991; Safieddine and Eybalin, 1992b; Kuriyama et al., 1994; Niedzielski and Wenthold, 1995) . Although glutamate is present in hair cells, and its release from hair cells is stimulated by K ϩ in a Ca 2ϩ -dependent manner (Jenisson et al., 1985; Bobbin et al., 1990 Bobbin et al., , 1991 Kataoka and Ohmori, 1994 ; for review, see Eybalin, 1993) , some studies suggest that a novel excitatory amino acid may be f unctioning at this synapse (Sewell and Morz, 1987) .
Similar studies have suggested that the vestibular afferent neurotransmitter is an excitatory amino acid (Annoni et al., 1984; Soto and Vega, 1988; Bledsoe et al., 1989) .
In the CNS, glutamate mediates most fast excitatory synaptic transmission via activation of three major families of ionotropic receptors. These families are classified by their preferred agonists, NMDA (NR1, NR2A-D), kainate (GluR5-7, KA1, and KA2), and AMPA (GluR1-4) (Hollmann and Heinemann, 1994) . A fourth family of glutamate receptors, ␦ receptors, has been identified in both rat and mouse brain (Yamazaki et al., 1992; Lomeli et al., 1993) . This family consists of two putative subunits, ␦1 and ␦2, that share 56% amino acid identity (Yamazaki et al., 1992; Lomeli et al., 1993) . Although ␦ receptors are structurally similar to other glutamate receptors, they have not been demonstrated in vitro to form functional ion channels (Lomeli et al., 1993) . The ␦2 receptor is expressed predominantly in Purkinje cells of the cerebellum (Lomeli et al., 1993; Takayama et al., 1995 Takayama et al., , 1996 , whereas ␦1 is relatively abundant in brain at early postnatal stages (Lomeli et al., 1993) . The observation that long-term depression at cerebellar glutamatergic synapses is impaired in ␦2 knock-out mice suggests that this subunit plays a crucial role in some forms of plasticity (Kashiwabuchi et al., 1995) . In addition, these mice show a deficit in vestibular compensation (Funabiki et al., 1995) . These findings and the glutamatergic nature of the vestibulocochlear hair cell nerve synapse imply that the ␦ family of glutamate receptors may have an important function in the inner ear. In the present study, we investigated the expression of ␦ receptors in the cochlea and vestibular periphery of rat and guinea pig using reverse transcriptase (RT)-PCR, in situ hybridization, and immunocytochemistry.
MATERIALS AND METHODS

RT-PCR .
Primers used to direct PCR amplification of ␦1 and ␦2 cDNA were designed on the basis of published nucleotide sequences from the rat (L omeli et al., 1993) using the DNA-STAR program. Primers for detection of ␦1 transcripts were sense, nucleotides 447-467 (5Ј-CGGGGCCATCC TCC TGC TTAG-3Ј), and reverse, nucleotides 901-880 (5Ј-GGCCGGTGATGTGTCCC TTTTT-3Ј) . Primers for ␦2 transcripts were sense, nucleotides 2277-2300 (5Ј-CAATGACCCCGA-C TGTTCC TTC TA-3Ј), and reverse, nucleotides 2699 -2680 (5Ј-TGGGGGC TGTCGTCATC TGT-3Ј). All animals used in this study were maintained in accordance with the National Institutes of Health Guide for the Care and Use of Laborator y Animals (National Institutes of Health publication 85-23).
Fifteen rats (Taconic, Germantown, N Y) and 15 guinea pigs (National C ancer Institute, Frederick, MD) were anesthetized deeply with carbon dioxide and decapitated. The cochleas were removed from the temporal bones and were microdissected f urther in cold PBS, pH 7.4. The stria vascularis and the spiral ligament were caref ully removed, and the organ of Corti was separated from the spiral ganglion. Finally, the spiral ganglion was microdissected from the modiolus. Both organ of Corti and the spiral ganglion were immediately and rapidly homogenized using a Polytron P T12000 (Brinkmann, Westbury, N Y) in the lysis and binding buffer (Dynal, Lake Success, N Y) until complete lysis was obtained. mRNA was extracted with oligo-dT-coated magnetic beads (Dynal, Lake Success, N Y) according to the manufacturer's instructions. The total amount of mRNA extracted either from 30 spiral ganglia or from 30 organs of Corti (Ͻ1 g) was reverse-transcribed into cDNA. The reaction was catalyzed by Superscript reverse transcriptase (Life Technologies, Gaithersburg, MD) using an oligo-dT primer. The PCR was performed as follows: 94°C for 45 sec, 55°C for 1 min, and 72°C for 2 min (38 cycles). The last cycle was followed by a 10 min extension at 72°C. The PCR products were analyzed by electrophoresis on 1.5% agarose gels. C erebellum or hippocampus cDNAs prepared under the same conditions were used as controls. Sequence analysis of the PCR products was performed using a 373A DNA sequencer (Applied Biosystems, Foster C ity, CA).
In situ hybridization. Male Sprague Dawley rats (n ϭ 11; 150 -200 gm) and male pigmented guinea pigs (n ϭ 13; 200 -250 gm) were used. They were anesthetized deeply with a 1:1 mixture of ketamine hydrochloride (Ketaset; 100 mg /ml; Fort Dodge Laboratories, Inc.) and xylazine (Rompun; 20 mg /ml; Miles, Elkhart, I N) and perf used through the heart with 10 ml of PBS at room temperature followed by 250 ml of ice-cold 4% paraformaldehyde in 1ϫ PBS, pH 7.4. The cochleas with the peripheral vestibular system attached were f urther perf used through the round window with the same fixative solution followed by an overnight postfixation and then rinsed for 48 -72 hr in phosphate buffer containing 5% EDTA and 4% paraformaldehyde. They were then washed overnight in phosphate buffer containing 20% sucrose and frozen in isopentane at Ϫ60°C. The cochleas with the peripheral vestibular system attached were cut on a cryostat into 10-m-thick sections and stored at Ϫ70°C until use. The PCR products corresponding to ␦1 and to ␦2 amplified from the organ of Corti cDNA and cerebellum, respectively, were subcloned into pGEM7Z f(Ϯ) (Promega, Madison, W I). Nonradioactive in situ hybridization was used to allow better preservation of the organ of Corti and vestibular end organ morphologies and to determine more precisely the expression of mRNA.
Sense and antisense riboprobe in vitro transcription was performed in the presence of digoxigenin (DIG)-UTP according to the manufacturer's suggestions (Genius 4 RNA labeling kit; Boehringer Mannheim, Mannheim, Germany). The size and the purity of the riboprobe made were determined by denaturing agarose gel electrophoresis. The riboprobes were then precipitated with ethanol and 4 M lithium chloride and kept at Ϫ70°C for 1 hr. The probes were centrif uged at 12,000 ϫ g for 30 min, and the pellet was washed, dried, and then resuspended in diethylpyrocarbonate-treated water. The riboprobe was diluted to 100 ng /ml in hybridization buffer.
The in situ hybridization method described in this study is a modification of previously described protocols (Safieddine and Eybalin, 1992b; Safieddine et al., 1996; Niedzielski et al., 1997) . Sections were treated with 0.2 M HC l for 20 min at room temperature and then washed in 1ϫ PBS for 10 min. They were incubated in 0.25% acetic anhydride in 1.5% triethanolamine, pH 8, for 10 min and washed twice for 5 min each with 1ϫ PBS. Sections were transferred into prehybridization buffer [50% formamide, 250 g /ml heat-denatured and sheared salmon sperm DNA (Sigma, St. L ouis, MO), 100 g /ml yeast tRNA (Sigma), 4ϫ SSC (1ϫ SSC: 0.15 M sodium chloride, 0.015 M sodium citrate, pH 7.2), 1ϫ Denhart's solution (0.2% BSA, 0.2% poly vinylpyrolidone, 0.2% Ficoll-400; 5% dextran sulfate)]. Sections were incubated with 100 l of the prehybridization buffer containing cRNA at a final concentration of 1 ng /l of the labeled riboprobe. The labeled sense riboprobe, at the same concentration, was used as a control. Hybridization was performed overnight at 60°C. The sections were dipped in 4ϫ SSC and rinsed in 1ϫ SSC (1 hr at room temperature and then 1 hr at 60°C) followed by 0.1ϫ SSC (1 hr at 60°C). Immunological detection of digoxigenin was performed essentially as suggested by the manufacturer. Optimal staining was defined by a series of control experiments in which the reaction was stopped at different time points to maximize staining and to minimize background. Six hours were found to produce optimal staining. A control experiment was performed, either by using labeled sense riboprobe or by omitting the riboprobe in the hybridization buffer.
Western blot anal ysis and immunoc ytochemistr y. A synthetic peptide (V PGGV L PEALDTSH), corresponding to a sequence near the C terminus of the rat ␦1 subunit (L omeli et al., 1993) , was prepared commercially. The peptide was conjugated to BSA using glutaraldehyde. Antibodies designated anti-␦1 were made in rabbits and were affinity-purified as described previously .
For Western blot analysis, electrophoresis was performed according to the method of Laemmli (1970) using gels 8 cm in length with an acrylamide gradient of 4 -20%. Proteins were transferred to nitrocellulose membranes as described by Towbin et al. (1979) . Membranes were incubated overnight with 5% nonfat dry milk in Tris-buffered saline -T ween (TBS -T ween: 50 mM Tris, 150 mM NaC l, pH 7.4, containing 0.05% T ween 20). Antibodies were diluted to 1.5 g /ml, and bound antibody was detected using either alkaline phosphatase (K irkegaard & Perry, Gaithersburg, MD) or chemiluminescence (New England Nuclear, Boston, M A). Prestained molecular weight standards from Life Technologies were myosin, phosphorylase b, BSA, ovalbumin, carbonic anhydrase, ␤-lactoglobulin, and lysozyme, migrating at values of M r 203,000, 105,000, 71,000, 44,600, 28,000, 18,000, and 15,000, respectively.
For immunocytochemistry, the fixation procedure and tissue preparation were the same as described above for in situ hybridization. The immunocytochemical procedure was similar to that described previously (Safieddine and Eybalin, 1992a) . Briefly, the tissue sections were rinsed three times for 20 min each in PBS containing 0.2% BSA and then were preincubated for 1 hr in PBS -BSA with 30% normal goat serum. Preincubation buffer was removed, and the primary antibodies to ␦1 and ␦1/2 were diluted to 1.5 g /ml and applied to the sections, either alone or in combination with an anti-synaptophysin monoclonal antibody (Boehringer Mannheim) that has been shown to label the cochlear efferent presynaptic terminals (Gil-L oyzaga . After 24 hr of incubation at 4°C, the sections were rinsed in PBS -BSA (three times for 20 min each), incubated for 2 hr with secondary anti-rabbit IgG antibody raised in goat (Boehringer Mannheim), and conjugated to dichlorotriazinyl aminofluorescein (DTAF). For the double labeling, the sections were incubated with a mixture of an anti-mouse IgG raised in goat and conjugated to rhodamine and the anti-rabbit IgG conjugated to DTAF. The sections were then rinsed in PBS (three times for 20 min each) and mounted in FluorSave medium (C albiochem, San Diego, CA).
RESULTS
RT-PCR analysis
Organs of Corti and spiral ganglia were screened for ␦ receptor expression using RT-PCR. The organ of Corti, which contains hair cells and supporting cells, can be dissected free of SGNs and other inner ear structures. The results showed the expression of ␦1 in both organ of Corti and spiral ganglion, whereas ␦2 was expressed in neither ( Fig. 1 A, B) . Similar results were obtained using both rats and guinea pigs, and except where noteworthy, we describe our results irrespective of species used. To verify the integrity of the mRNA extracted from the organ of Corti, we used the nicotinic receptor subunit ␣9, which is expressed in hair cells (Elgoyhen et al., 1994) , as a control. Using the ␦1 primers, we observed a cDNA in the hippocampus, a tissue known to express ␦1 (Lomeli et al., 1993) , similar in size to that obtained in the organ of Corti and spiral ganglion (Fig. 1 A) . For the ␦2 primers (Fig. 1 B) , a cDNA of the predicted size was present in the cerebellum, a tissue in which ␦2 is highly expressed (Takayama et al., 1996) . Sequence analysis of the f ull-length PCR products from both rat and guinea pig organ of Corti and spiral ganglion and the search in the data bank showed over 95% sequence homology to both rat and mouse ␦1 receptors at the nucleotide level. Furthermore, the amplification and the sequence analysis of the C -terminal region (2467-2753 bp) of the guinea pig ␦1 gene also showed a 95% homology to both mouse and rat sequences. Sequence analysis of the PCR product corresponding to ␦2 amplified from guinea pig cerebellum gave a similar degree of homology.
In situ hybridization
In situ hybridization with ␦1-and ␦2-specific riboprobes showed that ␦2 is not expressed in cochlear hair cells or SGNs (Fig. 2 A) , whereas ␦1 expression in the organ of Corti is restricted to the IHC s (Fig. 2 B) . No turn-dependent variation in expression was seen. In the spiral ganglion, ␦1 glutamate receptor mRNA was expressed in SGNs (Fig. 2C, D) with prominent expression in the large type I neurons. Smaller neurons, with a tendency to be found at the periphery of the ganglion, also expressed ␦1 glutamate receptor transcripts at high levels (Fig. 2C, D) . Based on the size, number, and location of these small neurons, we assume that they represent the type II SGNs. ␦1 expression in the spiral ganglion showed a homogenous and similar pattern along the entire cochlear spiral (Fig. 2C) . The greater histological resolution of the nonradioactive in situ hybridization enabled us to see, in several cases, that the satellite glial cells that surround the SGNs also were stained (Fig. 2C, D) . The labeled sense strand riboprobe failed to show any positive staining in a complete series of sections from the same cochlea that displayed a positive signal with antisense probes (data not shown). Analysis of sections containing vestibular hair cells and the vestibular ganglion, hybridized with ␦1 or with ␦2 riboprobe, showed that ␦1 mRNA is also highly expressed in both VHCI and VHCII and in supporting cells (Fig.  3B ) as well as in vestibular ganglion neurons (Fig. 3C) . None of these cells was found expressing ␦2 mRNA (Fig. 3A) .
Western blot analysis
To determine whether ␦1 protein is expressed in the inner ear, we made a specific antibody to the ␦1 receptor. Previous studies (Wenthold et al., 1990 Petralia and Wenthold, 1992; Petralia et al., 1994; Mayat et al., 1995) showed that the C-terminal region of other members of the glutamate receptor family was useful for producing specific antibodies that could be used in Western blots and immunocytochemistry. We thus chose the region near the C terminal of ␦1 to make a ␦1 antibody. To eliminate a possible cross-reaction with ␦2, we did not use the last four amino acids of the C terminal of ␦1 that are identical to those of ␦2 in making the ␦1-specific antibody. Western blot analysis of membranes from cells transfected with ␦1 or ␦2 cDNA showed that the antibody recognizes only ␦1 subunits (Fig. 4 A) . Both organ of Corti and cochlear spiral ganglia of rat and guinea pig show a major immunoreactive band at 115 kDa that comigrates with the ␦1 band from transfected cells (Fig. 4 B) . The same bands were detected using ␦1/2 antibody (Fig. 4C ) that has been reported to recognize both ␦1 and ␦2 receptors (Mayat et al., 1995) .
Immunocytochemistry
In the organ of Corti, the immunoreactivity to both ␦1 and ␦1/2 antibodies was intense and restricted to the IHCs (Fig. 5 A, B , also see Fig. 7A ). No immunostaining was seen in OHCs, Deiters cells, Hensen cells, or the stria vascularis. The tectorial membrane, which very often shows a nonspecific staining (Altschuler et al., 1985; Abou-Madi et al., 1987; Safieddine and Eybalin, 1992a) , was devoid of ␦1 immunoreactivity (Fig. 5 A, B) . The base, middle, and apical organ of Corti displayed the same pattern of immunostaining. Occasionally a moderate immunostaining to ␦1 was seen in Claudius cells (Fig. 5B) . This is consistent with the light-tomoderate in situ hybridization signal observed in Claudius cells (Fig. 2 B) . In the spiral ganglion, all the SGNs were immunostained with the ␦1 and ␦1/2 antibodies with no apparent turndependent pattern of expression. The intensity of the immunostaining was moderate to high (Fig. 6 A, B) . As seen with in situ hybridization, apparent type II neurons as well as satellite glial cells were immunoreactive.
From the immunocytochemistry results shown in Figure 5 , it is difficult to determine whether ␦1 expression is restricted to IHCs or whether efferent terminals and fibers beneath IHCs are also immunoreactive. To address this question, we performed a double-labeling experiment using ␦1 antibody together with a monoclonal synaptophysin antibody that has been shown to be a specific marker for the cochlear efferent nerve terminals (Gil- Loyzaga and Pujol, 1988) . Synaptophysin immunoreactivity was present in the inner spiral bundle (ISB), beneath the IHC, and in the outer spiral bundle (OSB) that is located beneath the OHCs (Fig. 7B) . Neither type of hair cell was immunostained (Fig. 7B) . The structures immunoreactive to synaptophysin in the ISB did not contain ␦1 immunoreactivity (Fig. 7 A, B) , indicating that ␦1 is not expressed in the efferent innervation to the cochlea.
In the vestibular end organ, both VHCI and VHCII displayed intense immunoreactivity to both ␦1/2 and ␦1 antibodies (Fig.  8 A) . A light immunostaining was also seen in supporting cells (Fig. 8 A) , and consistent with in situ hybridization results, most of the vestibular ganglion neurons were immunoreactive (Fig. 8 B) . 
DISCUSSION
Using RT-PCR, in situ hybridization, and immunocytochemistry, we have provided compelling evidence that the ␦1 glutamate receptor subunit is expressed in the inner ear. In the organ of Corti, ␦1 expression was restricted to IHC s, whereas in the spiral ganglia, ␦1 was detected in SGNs as well as in their satellite glial cells. In the vestibular end organ, ␦1 expression was seen in both VHCI and V HCII as well as in the vestibular ganglion cells. However, ␦2 was detected in neither, suggesting that the vestibular deficit compensation observed in ␦2 knock-out mice (Funabiki et al., 1995) may be caused by the absence of ␦2 expression in the brainstem and /or cerebellum. Neither ␦1 nor ␦2 forms functional ion channels when expressed in oocytes or transfected cells, and they do not seem to combine with other glutamate receptors (Yamazaki et al., 1992; L omeli et al., 1993) . A possible explanation for this lack of f unction is that additional subunits, yet to be identified, are required for a complete receptor complex. The evidence that ␦1 and ␦2 are glutamate receptors is based on their structural similarities to ionotropic glutamate receptors. The selective and relatively robust expression of ␦1 in IHCs and vestibular hair cells raises interesting questions about its functional role in these cells. Assuming that ␦ receptors form functional ion channels, there are two likely roles for ␦1 receptors in these cells. First, they may f unction as autoreceptors. Several lines of evidence indicate that the neurotransmitter of the inner ear hair cells is an excitatory amino acid (Bledsoe et al., 1981 (Bledsoe et al., , 1989 Annoni et al., 1984; Soto and Vega, 1988; Puel et al., 1991a Puel et al., ,b, 1994 Kataoka and Ohmori, 1994) , and ␦1 may regulate its release from the hair cell. Restriction of ␦1 expression to IHCs in the organ of Corti is consistent with the fact that most (90 -95%) afferent transmission is from IHCs (Spoendlin, 1972; Berglund and Ryugo, 1987) ; OHCs may not need to regulate their excitatory amino acid release, which may occur only at modest levels, because OHCs form synapses on the remaining 5% of type II SGNs. An argument against the autoreceptor idea is the fact that studies in the CNS, using an antibody that detects both ␦1 and ␦2, show that immunoreactivity is primarily postsynaptic with little or no presynaptic staining (Mayat et al., 1995; Petralia et al., 1996; Landsend et al., 1997; Petralia, 1997; Zhao et al., 1997) . Therefore, the role of ␦1 as an autoreceptor would be limited to the inner ear. A second possible role for ␦1 in IHCs could be as an efferent receptor. Based mostly on high-affinity uptake results (Gulley et al., 1979 ; Eybalin and Pujol, 1983 ; Ryan et al., 1987), proposals have been made that efferents use an excitatory amino acid neurotransmitter, in addition to other identified transmitters that include acetylcholine, GABA, enkephalin, dynorphin, dopamine, and calcitonin gene-related peptide (for review, see Eybalin, 1993; Puel, 1995) . IHCs of adult animals generally are not thought to receive efferent innervation, although there have been reports of efferent fibers near IHCs with some reports of synaptic contact (Liberman et al., 1990; Sobkowicz and Slapnick, 1994) . In addition, efferent terminals make transient synaptic contact on IHCs during development (Pujol et al., 1978; Lenoir et al., 1980; Shnerson et al., 1982; LavigneRebillard and Pujol, 1988; Hashimoto et al., 1990; Simmons et al., 1991 Simmons et al., , 1996 , and ␦1 expression in adult animals may be a vestige of this contact. The ␣9 subunit of the nicotinic receptor, the major mediator of cholinergic efferent activity, and the muscarinic receptor m3 are also expressed in adult IHCs (Elgoyhen et al., 1994; Safieddine et al., 1996) , and a similar role for those receptors has been proposed. In contrast to the organ of Corti, there are no data favoring an excitatory amino acid as a vestibular efferent neurotransmitter. However, previous reports showed that the caly x surrounding type I hair cells contains several proteins involved in neurotransmitter release (Scarphone et al., 1988) and that type I cells respond to glutamate agonists (Devau et al., 1993) . These findings suggest that, at least in type I hair cells, ␦1 could be activated by a putative excitatory amino acid either released by the caly x or present in the perilymph. Such a neurotransmitter could also activate ␦1 on supporting cells that are also in contact with the perilymph. An argument against the role of ␦1 as an autoreceptor or an efferent receptor is that ␦1 immunoreactivity does not appear to be concentrated near the base of the hair cell, where the synaptic contacts are made. But the distribution of ␦1 throughout the hair cells may reflect a relatively large intracellular receptor pool, which seems to be a characteristic of glutamate receptors in neurons (Hampson et al., 1992; Petralia and Wenthold, 1992; Petralia, 1997) . At the ultrastructural level, glutamate receptors are shown to be concentrated at the synapse (Mayat et al., 1995; Petralia et al., 1996; Petralia, 1997) , and such studies may show a similar concentration of ␦1 at the base of the hair cells. Although its role as an autoreceptor or efferent receptor seems the most likely, we cannot rule out the possibility of a novel role for ␦1 in hair cells. For example, they are in contact with perilymph, and ␦1 could be involved in detecting excitatory amino acids, or other substances, in perilymph. The role of ␦1 in the inner ear may become clear when the function of ␦1 is established.
Several other neurotransmitter receptors have been reported to be expressed in both vestibular and cochlear hair cells, including AMPA receptors (Devau et al., 1993; Kuriyama et al., 1994; Demêmes et al., 1995; Matsubara et al., 1996; Knipper et al., 1997) , the muscarinic receptor m3 (Safieddine et al., 1996) , and ␣9 nicotinic receptors (Elgoyhen et al., 1994) . None of these receptors is found solely expressed in IHCs of the organ of Corti. Collectively, these findings tend to suggest that hair cell neurotransmission is more complex than originally envisioned and may involve multiple neurotransmitters and receptors. The present results also suggest that ␦1 is present in Claudius cells. One possible hypothesis is that Claudius cells, like Hensen cells, are in contact with the cochlear perilymph, and thus any receptors expressed in those cells, including ␦1, may be exposed to excitatory amino acids present in the perilymph.
Both large and small SGNs as well as vestibular ganglion cells express ␦1. The small SGNs are found around the periphery of the ganglia, characteristic of type II neurons. These results suggest that both SGNs and vestibular ganglion cells express ␦1. The variation in the immunostaining observed among neurons may reflect functional differences. However, the uniformity of the in situ hybridization signal obtained argues against this, and we believe that this variability may be because of technical causes such as antibody penetration. Previous studies demonstrated that presynaptic terminals of the auditory nerve in the cochlear nucleus do not display any immunoreactivity to ␦1/2 antibodies (Petralia et al., 1996) , implying that ␦1 subunit expression is restricted to the dendrites of SGNs. The functional site could be either postsynaptic to the hair cell or postsynaptic to the lateral efferent input to spiral ganglion cell dendrites beneath IHCs. The presence of ␦1 postsynaptic to hair cells is consistent with the hypothesis that an excitatory amino acid is the neurotransmitter of hair cells (Annoni et al., 1984; Soto and Vega, 1988; Bledsoe et al., 1989 ; for review, see Eybalin, 1993; Puel, 1995) . Spiral and vestibular ganglion neurons express many glutamate receptors including AMPA, kainate, and NMDA ionotropic receptors and several metabotropic receptors (Ryan et al., 1991; Eybalin, 1992b, 1995; Demêmes et al., 1995; Niedzielski and Wenthold, 1995; Usami and Ottersen, 1995) . Although only AMPA receptors have been shown to be postsynaptic to hair cells (Kuriyama et al., 1994; Demêmes et al., 1995; Usami and Ottersen, 1995; Matsubara et al., 1996) , it is generally assumed that all of these receptors are expressed on the postsynaptic mem- brane of afferent fibers. AM PA and kainate receptors have been characterized pharmacologically (Billett et al., 1989; Nakagawa et al., 1991; Puel et al., 1991b Puel et al., , 1994 Pujol et al., 1992; Deveaux et al., 1993) , and some studies have identified f unctional NMDA receptors on SGNs (Felix and Ehrenberger, 1990; Puel et al., 1991a,b; Pujol et al., 1992) . Intracochlear coperf usion of AMPA and NMDA antagonists failed to abolish the cochlear action potential (Puel et al., 1991b) , suggesting that additional receptors, such as ␦ and metabotropic receptors, may be involved in transmission at the hair cell synapse.
The ␦1 subunit is also expressed in satellite glial cells in the spiral ganglion. This is in agreement with other studies describing expression of several glutamate receptors, including the ␦ family, by glial cells in the cochlea and in the C NS ( Safieddine and Eybalin, 1992b; Mayat et al., 1995; Niedzielski and Wenthold, 1995; Petralia et al., 1996) . It has been proposed that the activation of these receptors can regulate glial cell metabolism and neuron -glial interactions (Jonathan and Abbot, 1996; Steinhauser and Gallo, 1996) .
In conclusion, the present results show that ␦1 is prominently expressed in IHC s and in type I and type II vestibular cells, suggesting a f unctional role in hair cell neurotransmission. Excitotoxic damage to ganglion cell dendrites from excessive stimulation has been reported and proposed as a mechanism for noiseinduced damage to the cochlea (Billett et al., 1989; Pujol et al., 1992; Puel et al., 1994) . If this is proven to be the case, glutamate receptors, including ␦, on hair cells may play a role in hair cell degeneration under conditions of overstimulation.
